Introduction: There are three government-funded population-based screening programs in Australia -the national breast cancer screening program (BreastScreen Australia), the National Cervical Screening Program (NCSP), and the National Bowel Cancer Screening Program (NBCSP). Options for early detection of other cancers (e.g. hepatocellular carcinoma and melanoma) are under investigation. This study provides an overview of the health benefits, harms and cost-effectiveness of population-level breast, cervical and colorectal cancer screening, targeted-risk screening for lung cancer and Lynch syndrome, and prostate specific antigen (PSA) testing in Australia.
Benefits, harms and cost-effectiveness of cancer screening in Australia: an overview of modelling estimates , aims to detect cancer and its warning signs early in asymptomatic people. For cancers with a recognisable latent (i.e. a precancerous condition) or an early stage, screening could reduce cancer incidence and mortality by detecting and managing precancerous conditions or a cancer.
Screening can also lead to potential harms such as false-positive screening results, adverse events and overdiagnosis/overtreatment of cancer that would not have become symptomatic if undetected. These harms can cause distress to individuals, as well as inefficient use of healthcare resources.
Cost-effectiveness of cancer screening is critical when planning for a population-based program, particularly if it is to be government funded. In Australia, an indicative willingness-to-pay (WTP) threshold of $30 000-50 000 per life-year saved (LYS) or quality-adjusted life-year saved (QALYS) is used to assess the cost-effectiveness of cancer screening and other prevention strategies. [2] [3] [4] Advocates for evidence-based change should acknowledge this threshold.
The triad of benefits, harms and costs is a key element of the Australian Population Based Screening Framework (Box 1) 5 , adapted from the classic 1968 WHO screening principles. 1 The benefits-and-harms balance (e.g. number-needed-to-screen [NNS] and/ or number-needed-to-treat [NNT] to prevent a cancer or cancer death), and costs-to-benefits ratio (i.e. costeffectiveness ratio [CER] -cost per LYS or cost per QALYS) are summary measures for this triad (Figure 1 ). The clinical procedures for the implementation of screening, diagnosis and treatments vary by cancer type; and it is acknowledged that an individual's level of psychosocial impact might vary widely even for the The inaccuracy of PSA testing as a screening tool impedes the capacity to conduct meaningful cost-effectiveness analyses at a population level, based on current evidence. Three annual low-dose computed tomography screens for lung cancer using the US National Lung Screening Trial selection criteria would not be cost-effective in Australia. A comprehensive cost-effectiveness evaluation of systematic proband testing, cascade testing and subsequent surveillance for Lynch syndrome in Australia is currently underway.
Conclusions:
Current evidence supports a favourable cost-effectiveness and benefit-to-harm balance for the NCSP and NBCSP. An updated costeffectiveness and benefits-to-harms analysis for BreastScreen Australia is required. Carefully founded quantitative estimates of health benefits, harms and cost-effectiveness provide an important aid to policy decision making, and form the basis for developing decision aids to guide individual screening decisions. Opportunities exist for lung cancer screening, systematic Lynch syndrome testing and informed decision making about PSA testing. However, more evidence is required on risk assessment, targeting of screening tests, optimal referral pathways, managing potential harms and delivering services in a cost-effective framework. 
Treatment
• There should be an accepted treatment for patients with recognised disease
Screening program
• There should be an agreed policy on who to treat as patients
• Facilities for diagnosis and treatment should be available
• The cost for case-finding (including diagnosis and treatment of patients diagnosed) should be economically balanced in relation to expenditure on medical care as a whole
• Case-finding should be a continuing process and not a 'once and for all' project.
same procedures in the same populations. This should be noted when comparing the benefits-and-harms balance for different cancer types.
Breast cancer
As described in this issue of the journal by Nickson et al, BreastScreen Australia was phased in from 1991, providing free biennial mammographic screening. 6 Among women in the target age range (currently 50-74 years), around 55% participate in the program, 49% of population-level invasive breast cancers and 73% of ductal carcinoma in situ (DCIS) cases are screen-detected, and mortality is reduced by around 50% for participants and 28% across the population. 7, 8 An independent evaluation published 10 years ago concluded that BreastScreen Australia had reduced mortality from breast cancer in the target age group (women aged 50-69 years) by approximately 21-28%. 9 Additionally, early detection through BreastScreen appears to reduce the intensity of treatment, even after accounting for overdiagnosis. 10 In terms of harms, some proportion of screen-detected cancers are likely to be overdiagnosed. Derived from the findings of UK and European reviews, approximately eight breast cancers were estimated to be overdiagnosed for every 1000 women aged 50- ; cost-effectiveness was estimated to decline for women older than 70 years. 13 Testing for germline mutations for breast cancer patients appears more cost-effective when extended to unaffected family members (incremental CER: $9500/QALY gained, versus no testing). 14 With increasing interest in targeted-risk screening, future updated clinical and cost-effectiveness models should draw from methods applied in other settings 15, 16 , and incorporate clinical, cost and quality-of-life measures for treatment intensity, overdiagnosis, false-positive screens and interval cancers. Nickson et al. 6 further explore opportunities in risk-stratified screening, with a recommended framework for reviewing risk-based protocols.
Verdict: An updated and more comprehensive analysis of cost-effectiveness and benefit-to-harm balance of BreastScreen Australia is required. There may be opportunities to improve clinical and costeffectiveness outcomes through more personalised approaches to breast screening.
Currently, there are three Government-funded population-based cancer screening programs in Australia -the national breast cancer screening program (BreastScreen Australia), the National Cervical Screening Program (NCSP) and the National Bowel Cancer Screening Program (NBCSP). This review aims to summarise the available quantitative estimates of the benefits, harms and cost-effectiveness of the three organised screening programs, potential screening approaches for two of the most common causes of cancer deaths (prostate and lung cancer; see Appendix 1, available from: figshare.com/articles/ Benefits_harms_and_cost-effectiveness_of_cancer_ screening_in_Australia_an_overview_of_modelling_ estimates_online_appendix_/8426531), and systematic testing for Lynch syndrome in Australia. We focused on and, where possible, updated our own estimates specifically derived for Australia using a formal and comprehensive natural history-based modelling methodology. We did not explicitly review estimates that were directly adapted from overseas data, although we refer to such estimates in some cases (particularly for breast screening) and acknowledge that they can be useful in the absence of other locally validated information. We discuss the key issues, particularly costeffectiveness, and provide a verdict, including research prioritisation, for each cancer type and Lynch syndrome based on the current evidence. 
Costs

Health services
costs; patient out-of-pocket costs; societal costs
Number-needed-toscreen (NNS)
Number-needed-totreat (NNT)
Cost-effectiveness ratio (CER)
Cervical cancer
The NCSP was established in 1991. Until 2017, it provided biennial screening using the Papanicolaou test for women aged 18-69 years ('pre-renewal NCSP'). The age-standardised rate of cervical cancer mortality has halved over the period of 1991-2018, from 3.8 to 1.8/100 000 women. [17] [18] [19] The National HPV Vaccination Program was introduced in 2007, initially providing quadrivalent (HPV4) human papillomavirus (HPV) vaccine for girls aged 12-13 years, with a 2-year catchup program for women up to 26 years of age. 20 The program was expanded in 2013 to include boys aged 12-13 years. 20 The HPV4 vaccine protects against HPV types 16 and 18, which are responsible for more than 70% of cervical cancers (as well as HPV types 6 and 11, which are implicated in almost all anogenital warts). 21 In 2017, the nationwide three-dose coverage rate was more than 76% among eligible females. 20 A considerable decline in high-grade cervical abnormalities has been observed in young Australian females. 22 Using Policy1-Cervix, a well-validated dynamic multicohort modelling platform [23] [24] [25] , the pre-renewal NCSP was estimated to prevent 2579 cervical cancers and 1185 cervical cancer deaths per year (in the absence of vaccination), with a benefits-and-harms balance of 2085 NNS per cervical cancer death prevented, and a CER of $23 244/LYS in unvaccinated cohorts versus no screening (Table 1) . 25 From December 2017, the NCSP switched from biennial cytology for women aged 20-69 years to 5-yearly HPV testing with partial genotyping for HPV types 16/18 for women aged 25-74 years ('renewed NCSP'). 26, 27 The renewed NCSP is predicted to be more effective than the pre-renewal NCSP. Alongside vaccination, the renewed NCSP was estimated to prevent an additional 2006 cases and 587 deaths over the period 2018-2035. 23 Numbers provided in Table 1 show that the renewed NCSP would avert more cancer cases and deaths, requires fewer screening tests in a woman's lifetime, is less costly, and has a more favourable benefit-to-harm balance when compared with the pre-renewal NCSP. The NNS and NNT per cancer death prevented were calculated by dividing the number of people screened and number of diagnostic assessments, respectively, by the number of cancer deaths prevented per annum c The screening program participation assumed for the cost-effectiveness analyses were ~53% (2-year participation) for pre-renewal NCSP 25, 37 , 86% (5-year participation) for renewed NCSP, ~55% (2-year participation) for biennial mammography screening 33 , ~40% (2-year participation) for biennial iFOBT screening 34, 38 , and 95% for annual LDCT screening The estimates were calculated from outcomes predicted for a single cohort with full exposure to the biennial program. 34 The estimates would be 4619 colorectal cancers and 2719 colorectal cancer deaths prevented per annum if the average of the total number of cases and deaths prevented predicted for 2020-2040 was used 39 j Including the cost of iFOBT screening, colonoscopy (to follow up positive iFOBT result and downstream surveillance), polypectomy and colorectal cancer treatment k People who had a 30 pack-year smoking history, still smoked or had quit within 15 years prior (based on selection and implementation criteria of the National Lung Screening Trial in the US) 40 In 2018, Australia adopted a nonavalent HPV (HPV9) vaccine to replace HPV4 vaccine. 28 The HPV9 vaccine protects against nine types of HPV, which are responsible for more than 90% of cervical cancers. 29 Considering the impact of both vaccination and screening, the agestandardised rate of cervical cancer was estimated to decrease to less than 6/100 000 women by around 2020, and to less than 4/100 000 women by 2035; at this point it would be considered eliminated as a public health problem. 23, 30 Once this very low-level rate is achieved, even under the assumption that cohorts offered HPV9 never undergo screening in their lifetime, the overall cervical cancer incidence rate in Australia is predicted to remain below this threshold for elimination. 23 Previous studies have found that 5-yearly primary HPV testing for women aged 25-74 years might not be cost-effective for women vaccinated with HPV9 vaccine, and that two screens in a woman's lifetime was the most cost-effective approach for cohorts offered this vaccine (Table 1) . 31 It should be noted that when young next-generation vaccinated cohorts mature and enter the renewed NCSP will become less cost-effective (as shown in Table 1 ), and in the future a reduction in the number of lifetime screens might be considered.
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Verdict: Cervical cancer screening in Australia has been a major success; evidence shows the change to the renewed NCSP has the potential to improve on that success, and, along with HPV vaccination, is expected to further reduce disease burden over the coming decades.
Colorectal cancer
As reported by Ee and St John in this issue, the NBCSP, introduced incrementally from 2006, has the potential to have a major impact in Australia and save many thousands of lives. 41 From 2019, the program provides biennial screening using immunochemical faecal occult blood testing (iFOBT) to people aged 50-74 years. 42 Using a comprehensively calibrated microsimulation model, Policy1-Bowel, the NBCSP was estimated to prevent 97 000 colorectal cancers and 57 100 colorectal cancer deaths in 2020-2040 at the observed ~40% participation rate, equivalent to more than 4000 colorectal cancers and more than 2500 colorectal cancer deaths prevented annually (Table 1) . 39 If the NBCSP participation increased to 60% by 2020, an additional 40 400 cancers and 24 700 deaths could be prevented in 2020-2040. 39 The annual expenditure for cancer treatment was estimated to increase from $858 million in 2006 to approximately $1 billion by 2010 and to approximately $2 billion by 2040 in the absence of screening. 39 The NBCSP is expected to result in a lower annual expenditure (including the cost of providing iFOBT screening, colonoscopy assessments to follow up positive iFOBT results and for further surveillance, and colorectal cancer treatment) than no screening from 2029 onwards, after a transient increase in 2006-2028. 39 The fully implemented NBCSP is predicted to be very cost-effective (CER: $3380/LYS) and have a favourable benefit-toharm balance, of 572 NNS per colorectal cancer death prevented, compared with no screening (Table 1) . 39 A recent comparative evaluation concluded that the current NBCSP was estimated to have the most favourable cost-effectiveness and benefits-to-harms ratios when compared with alternative screening technologies. 38 The currently targeted screening age range, 50-74 years, was found to be the optimal age range for biennial iFOBT screening when compared with alternative age ranges. 34 Lowering the NBCSP starting age to 45 years was predicted to be potentially cost-effective (incremental CER: $19 126/LYS) but have a less favourable benefitto-harm balance (more than 1200 NNS per additional colorectal cancer death prevented) than screening for the currently targeted 50-74 years age group (Table 1) . 34 In line with international evidence, increasing colorectal cancer incidence has been found in people aged younger than 50 years. 43 The optimal NBCSP screening starting age may need to be re-evaluated for these younger birth cohorts if this trend in colorectal cancer incidence continues.
Verdict: The NBCSP is extremely effective and costeffective. Evidence on extending the age cohort and assessing new technologies should be reviewed and assessed as it becomes available.
Prostate cancer
Although there is no screening program for prostate cancer, prostate specific antigen (PSA) testing is widely used to detect prostate abnormalities in asymptomatic men in Australia. Approximately 1.5 million PSA tests were subsidised by Medicare in 2017. 44 Outcomes from international trials on PSA testing have been inconsistent. The European Randomised Study of Screening for Prostate Cancer reported a 21% reduction in prostate cancer mortality in men aged 55-69 years who underwent PSA testing every 4 years (2 years for participants in Sweden), with a PSA threshold for biopsy referral of 3 ng/ mL, over 11 years of follow-up. 45 The US Prostate, Lung, Colorectal and Ovarian Screening Trial found no evidence of a mortality benefit for organised annual PSA screening, with a PSA threshold for biopsy referral of 4 ng/mL, compared with the control arm after 13 years of followup; however, this result is known to be influenced by opportunistic screening in the control arm. 46 A systematic review and meta-analysis used data from five trials on PSA testing and concluded with low certainty that PSA testing may have no effect on prostate-specific mortality. 47 After considering the international evidence, clinical practice guidelines for PSA testing and early management of screen-detected prostate cancer in Australia were published in 2016. 48 These guidelines recommend that 'men at average risk of prostate cancer, who have been informed of the benefits and harms of testing and who decide to undergo regular testing for prostate cancer, are offered PSA testing every 2 years
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Lynch syndrome
As explored in the article by Taylor et al in this issue 56 , Lynch syndrome is associated with earlier onset of several cancers, predominantly colorectal and endometrial cancers, and presents opportunities and challenges in cancer screening.
In Australia, there has been a call for systematic testing to identify Lynch syndrome carriers in incident cancer cases (i.e. proband testing) and offering cascade genetic testing to at-risk family members (i.e. cascade testing). This has been reflected in a recent Medical Services Advisory Committee (MSAC) application to subsidise germline gene panel testing for inheritable mutations associated with colorectal and endometrial cancers. 57 A range of cancer risk management options, such as colonoscopic surveillance and prophylaxis, could be offered to confirmed Lynch syndrome carriers to reduce the risk of associated morbidity and mortality.
To date, no assessment of systematic testing for Lynch syndrome considering all relevant testing and triage options, cascade testing, subsequent surveillance, and sequelae, has been published for Australia. A 2006 evaluation assessed a strategy assuming cascade testing was offered in a family cancer clinic setting; those with confirmed mutations were offered intensive surveillance and risk-reducing surgery/surgeries for multiple Lynch syndrome-related cancers. 58 This cascade testing strategy was estimated to cost less than $13 000 (net) for eight colorectal cancer-free years per person than no cascade testing. 58 The study considered an average lifetime treatment cost for each colorectal cancer detected
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; colorectal cancer treatment costs have increased substantially over the past two decades. 59 A recent economic evaluation to support the aforementioned MSAC application assessed firstly the cost-effectiveness of proband testing, then secondly, with the addition of a cascade testing strategy. 57 The strategy assumed some proportion of the proband's relatives (between 0 and 100%) participated in active familial colonoscopic surveillance before the genetic testing. Only individuals with a positive result would thereafter continue to participate in or take up surveillance. Cascade testing was estimated to be cost-effective in most scenarios and cost-saving if 60-97% of probands' relatives participated in surveillance before genetic testing was offered. 57 Potential downstream costs or savings associated with surveillance, prophylaxis and cancer treatments were not considered. 57 The cost per single proband identified was $9762. 57 Cenin and colleagues evaluated and compared the cost and benefit of offering Lynch syndrome testing in cases of colorectal cancer diagnosed at ages <50, <60 or <70 years, and at any age. 60 Findings indicated that Lynch syndrome testing in colorectal cancer cases diagnosed at <70 years would detect more Lynch syndrome cases at a reasonable cost; testing in older ages would not identify more Lynch syndrome cases at a much higher cost. 60 from age 50 to age 69, and offered further investigation if total PSA is greater than 3.0 ng/mL'. 48 An Australian study used a single-cohort Markov model to evaluate the cost-effectiveness of 4-yearly PSA testing versus no testing for men at average risk, high risk (two times the average risk) and very high risk (five times the average risk) for prostate cancer. 49 This evaluation found that annual PSA testing may be cost-effective for very high-risk men (CER: $22 938/QALYS, equivalent to CER $28 140/QALYS in 2018 value) but not for averagerisk or high-risk men.
An Australian model, Policy1-Prostate, is in the final stages of development for the ongoing epidemiologic and economic evaluation of changes in the detection, management and treatment of prostate cancer, and of the interactive effects of these changes on outcomes (including cancer incidence, mortality and treatmentrelated morbidity) and costs.
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Verdict: On current evidence, the inaccuracy of PSA testing as a screening tool impedes the capacity to conduct meaningful cost-effectiveness analyses at a population level. Morbidity associated with treatment continues to be a problem. More research is needed on strategies for identifying men at increased risk of prostate cancer.
Lung cancer
As reported by Weber et al in this issue, lung cancer screening by low-dose computed tomography (LDCT) could see major reductions in the lung cancer burden in Australia. 51 However, a regimen that would deliver a balance of benefits, harms and cost-effectiveness in Australia has not been identified. 52 The US National Lung Screening Trial compared three annual LDCT lung screens to chest X-ray for smokers aged 55-75 years, who had a 30 pack-year history (e.g. smoking 20 cigarettes a day for 30 years) and still smoked or had quit within 15 years prior, and found a relative 20% reduction in cancer mortality. 35, 53 A recent cost-effectiveness analysis of this trial using Australian costs estimated a CER of $154 776/LYS compared with usual care, far exceeding the indicative WTP threshold in Australia (Table 1) . 35 A review of this and other trials has shown considerable variation in outcomes relevant to the balance of benefits, harms and cost-effectiveness, such as screening rates, false-positive rates and lung cancer detection rates, all of which are sensitive to the screening regimen and target population. 54 The recently commenced International Lung Screen Trial in Australia and Canada 55 will provide essential information on screening a high-risk Australian cohort, and aid in identifying an acceptable cost-effective screening program in Australia.
Verdict: Lung cancer screening may only be supported with greater evidence on the cost-effective screening of a high-risk Australian cohort. The high disease burden of lung cancer suggests lung cancer screening is among the most important unresolved screening issues.
Opportunities for systematic approaches to the early detection of cancer will continue to emerge, and should be continually researched and evaluated to ensure they deliver more benefits than harms and are cost-effective.
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A comprehensive cost-effectiveness evaluation of systematic proband testing, cascade testing and subsequent surveillance for Lynch syndrome in Australia is currently underway.
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Verdict: Comprehensive evidence on the risks, benefits and cost-effectiveness of Lynch syndrome screening is required. Although the pace of genomics technology presents opportunities, it also poses challenges in health economics as settings for evaluation evolve rapidly.
Conclusion
Research to identify optimal approaches to populationbased screening for different cancer types in Australia shows much promise, based on analyses of benefits harms, and cost-effectiveness. The evidence to date strongly supports the cost-effectiveness of two of the organised cancer screening programs for averagerisk Australians -NCSP and NBCSP. However, these population-level estimates do not account for differing risk profiles or lower rates of screening uptake in certain population subgroups. Extending the research agenda to better quantify and understand the benefits, harms and cost-effectiveness of cancer screening by risk group and for population subgroups, such as Aboriginal and Torres Strait Islander Australians, are needed.
In the case of BreastScreen, although a 10-year-old Australian review showed a mortality benefit, renewed and ongoing efforts to estimate the benefits, harms and costeffectiveness of the program, considering the potential for overdiagnosis and overtreatment, are warranted.
Optimising PSA testing by reconsidering the testing age range, interval, test-positive threshold and surveillance strategies should be considered high-priority research; again, the potential for overdiagnosis and overtreatment, as well as mortality benefits, need to be considered.
Criteria for assessing cost-effectiveness of Lynch syndrome testing may change rapidly as the technology evolves. Accordingly, researchers and policy analysts will require increasingly sophisticated models for evaluating the evidence. By contrast, technologies under review for lung cancer screening are well established. Although current evidence shows that using LDCT screening for high-risk smokers is not likely to be cost-effective in Australia, the cost-effectiveness of such a screening strategy could improve if evidence strengthens on screening eligibility criteria, the costs of LDCT reduce and/or the costs of lung cancer treatment increase. Future evaluations should consider factors such as alternative screening eligibility criteria and the diagnostic test referral threshold. As lung cancer is the most common cause of cancer deaths in Australia, systematic and effective early detection of lung cancer could be a game changer in cancer mortality reduction.
